Antigenic variation of the neuraminidase of A/H3N2 influenza viruses may be associated with modifications of the catalytic activity of this enzyme. We observed this phenomenon when studying two prototype strains: A/Hong Kong/1/68 (X31K) and A/Bangkok/2/79. For the neuraminidases of these strains, we determined their substrate specificity, initial velocity, optimum pH, optimum temperature, heat inactivation and Michaelis constants and their inactivation by chemical group-specific reagents. In order to examine the relationship between antigenic variation and enzyme activity of the influenza neuraminidases, three X31K monoclonal variants were selected using anti-neuraminidase monoclonal antibodies. Two of these (X31/NC92 and X31/NC56) were modified at a single neuraminidase epitope, and the third one (X31/NC92/NC56) at two epitopes. The neuraminidase activity of the monoclonal variants was analysed and compared to that of the prototype strains. Compared to A/Hong Kong/1/68, the A/Bangkok/2/79 strain neuraminidase was more susceptible to inactivation by physical (pH, temperature) and chemical agents [urea, dithiothreitol, 1-ethyl-3-(3-dimethylaminopropyl carbodiimide), iodoacetamide, acetic anhydride, 2,3-butanedione] and showed a twofold lower substrate affinity for N-acetylneuraminlactose. The neuraminidase activity of the monoclonal variants of X3 l K became more susceptible to inactivation by both physical and chemical agents than the original strain and exhibited various substrate affinities. Therefore, we conclude that the enzymic properties of the structurally conserved active sites of the neuraminidase molecule may be influenced by antigenic modifications that affect the variable areas of the neuraminidase and that the degree of this enzymic variation is related to the nature and number of the modified epitope(s). A local conformational change in the neuraminidase molecule reflected as antigenic variation could be involved in modification of enzyme activity.
INTRODUCTION
One of the main characteristics of the influenza virus is the ability of the envelope glycoproteins [haemagglutinin (HA) and neuraminidase (NA, EC 3.2.1.18)] to undergo antigenic variation. Antigenic drift corresponds to minor changes in protein structure, and antigenic shifts result from major changes (Webster & Laver, 1975 ; Webster et aL, 1982) . Both types of antigenic variation allow the influenza virus to escape from herd immunity. Only a single shift in human type A influenza virus NA has taken place when, in 1957, the N2 subtype appeared in Asian influenza (H2N2).
Surveys have shown the variable epidemiological potency of the A/H3N2 influenza prototype strains. A/Hong Kong/1/68 (A/HK/I/68) provoked the pandemic of 1968 and 1969 whereas 0000-6822 © 1986 SGM later strains were responsible only for epidemics or even scattered cases: that was the case for A/Bangkok/2/79 (A/Bgk/2/79) (Weekly Epidemiological Record, 1980 Record, , 1981 Record, , 1982 which showed a limited spread in 1979 to 1980 in spite of a rather important antigenic drift of its HA and high susceptibility of the population to it. It was thought that changes in NA could be responsible for the poor spread of A/Bgk/2/79, since NA is known to be involved in the spread of the virus (Palese et al., 1974; Davenport, 1976; Colman & Ward, 1985) . We thought it interesting, therefore, to compare the catalytic properties of the NA of the A/HK/1/68 and A/Bgk/2/79 strains and, by means of monoclonal variants, to try to correlate antigenic variations of the NA with possible modifications of its enzymic activity.
METHODS
Viruses. We used the reassortant virus X31K, containing the HA and NA of A/HK/1/68 (H3N2) and the growth capacity of A/PR/8/34 (H IN 1), and the prototype A/Bgk/2/79 strain, kindly supplied by the World Influenza Centre (WIC), Mill Hill, London, U.K.
The viruses were grown in the allantoic cavity of 10-day-old embryonated hens' eggs inoculated with 103 50% egg infectious doses and incubated at 33 c C for 2 days. The allantoic fluids were pooled and clarified by centrifugation at 2300g for 15 min at 4 °C. After concentration by ultrafiltration (Amicon DC2), the viruses were purified by two successive isopycnic centrifugations through 22 to 60% (w/w) linear sucrose gradients (150000 g for 4 h).
Antisera. Anti-X31K and anti-A/Bgk/2/79 polyclonal antisera were prepared in rabbits by two intramuscular inoculations with l0 s haemagglutinating units (HAU) of purified virus in Freund's adjuvant with a 1 month interval. Three weeks after the second inoculation the animals were bled.
Monoclonal antibodies. Monoclonal antibodies were kindly provided by J. J. Skehel and A. R. Douglas (WIC). Five of them were directed against the X31K NA (NC56, NC82, NC92, NC154 and NC258) and two were specific for the A/Bgk/2/79 NA (NC71 and NC75).
Production of antigenic t'ariants. X31K monoclonal variants were selected using anti-X31K NA monoclonal antibodies, according to Gerhard & Webster (1978) . Monoclonal antibody (0.8 ml) with a neuraminidase inhibition (NI) titre of 5000 to 10000 when tested with purified virus was diluted 1/10 in phosphate-buffered saline (PBS) and mixed with 80 /_tl of the homologous virus containing 5 to 15 HAU. This neutralization step was performed for 1 h at 37 °C and 0.2 ml of the undiluted and diluted (1/10) virus antibody mixtures were injected into 10-day-old embryonated hens' eggs. After 2 days incubation at 33 °C, eggs were harvested individually and tested for the presence of influenza virus by HA titration. A second step of neutralization was applied to those viral suspensions which were 10-to 20-fold less efficiently inhibited or not inhibited at all in a NI test by the antibody used for the selection. The variants were then cloned twice at limiting dilutions in eggs.
NA and NI tests. The NA titration was performed according to a micromethod adapted from Aymard-Henry et al. (1973) . Fifty l-tl of substrate in 0.067 M-phosphate buffer (1 : 1) at optimal pH, and 50 BI 0.15 M-N aC1 were added to 50 ~tl of the virus dilutions. After 18 h incubation at 37 °C the amount of N-acetylneuraminic acid (NeuNAc) released was estimated.
In the study of the catalytic properties of the influenza NA, the incubation time was restricted to t h in order to enable measurement of the initial velocity of the enzyme reaction and N-acetylneuramin-lactose (NANL; Sigma, 2 mg/ml) was used as substrate. NA activity is expressed in terms of specific activity (~tmol NeuNAc/min/mg virus protein or U/mg).
Anti-NA antibodies were titrated as previously described by Aymard-Henry et al. (1973) , using fetuin (22 mg/ml) as substrate. The antibody titre corresponded to the reciprocal of the serum or monoclonal antibody dilution able to inhibit 50°0 of the enzymic activity.
HA test. This was performed according to Palmer et al. (1975) using 50 ~tl of twofold virus dilutions, 0.5 % hen red blood cells and 5 x 10 -3 M-phosphate, 0.15 M-NaCI buffer.
Protein concentration. This was estimated by the method of Lowry et al. (1951) . ELISA test. Optimal dilutions of antigens (0.15 to 0.30 ~g purified virus/100 ~tl) were determined by chequerboard titration using homologous polyclonal antisera (Voller et al., 1976) . As control, we used uninfected allantoic fluid diluted to contain the same amount of protein as the viral antigen preparation (Kessler et aL, 1982) . Polyvinyl fiat-bottomed microtitre plates (Falcon) were coated with 100 ~1 of viral or cell control antigen per well for 18 h at room temperature in a moist chamber. After three washings with PBS containing 0.05 % Tween 20, 100 ~tl of serial twofold dilutions of the monoclonal antibodies in PBS Tween were added to the wells and the plates were incubated at 37 °C for 1 h. After washing, 100 ~tl of alkaline phosphatase conjugated to anti-mouse Ig (New England Nuclear) was added to each well and the plates were kept for 1 h at 37 °C. This solution was removed and the wells were incubated for 45 min at room temperature with p-nitrophenyl phosphate (1 mg/ml in 10% diethanolarnine buffer pH 9.8). The reaction was stopped with 2 M-NaOH. Readings were made at A~o s (Titertek Multiskan, Flow Laboratories).
RESULTS

Comparison of the enzymic activity of X31K and A/Bgk/2/79 NAs
Catalytic properties
The substrate specificity of both NAs was analysed first. Five substrates (Sigma) containing different kinds of c~-ketosidic bonds were tested (Table 1) . With substrates containing only c~2 -6 or ~2 --, 8 linkages, no or very poor hydrolysis took place. On the other hand, substrates with both c~2 ~ 3 and c~2 --, 6 bonds were hydrolysed. Taken together, these results suggest that only c~2 --, 3 bonds were cleaved and that NA activity was similar in this respect for both strains. As the highest specific activity was obtained with NANL as substrate, it was chosen for the subsequent studies.
A kinetic study of X31K and A/Bgk/2/79 NAs showed that, with both enzymes, the initial reaction velocity was similar (0.4 to 0-5 U/rag) with NANL as substrate (2 mg/ml) and linear for 90 min.
For determination of the optimum pH range, 0.067 M-phosphate buffers with pH values ranging from 5 to 8.2 were used. The optimum pH values for X31K and A/Bgk/2/79 NA activity were found to be similar, respectively 6.4 and 6.2 ( Fig. 1 a) . However, the X31K NA seemed to be less sensitive to both acid and basic pH than the A/Bgk/2/79 NA.
The effects of incubation temperatures ranging from 19 °C to 60 °C on NA activity ( Fig. 1 b) revealed a much higher optimal temperature for the X3IK NA (45 to 47 °C) than for the A/Bgk/2/79 NA (37 to 38 °C). This high optimal temperature for activity of the X31K NA could be related to its high resistance to thermal inactivation (Fig. 2) . Indeed, whereas the X31K NA still showed 80~ activity after 2 min at 55°C (k = 0.117/rain), the A/Bgk/2/79 NA was destroyed.
Determination of the Michaelis constants (Km) of the reaction, after 1 h incubation using concentrations of NANL ranging from 1.6 x 10 -3 to 15,8 x 10 -3 M showed a twofold higher substrate affinity for the X31K NA: 3.7 _+ 0.2 x 10 -3 M compared to 7.5 _+ 0.5 x 10 -3 M for A/Bgk/2/79 NA; the maximal velocity (Vm~0 was 1"35 + 0'07 U/rag, identical for X31K and A/Bgk/2/79 NAs.
Inactivation by chemical reagents
For this study, chemical reagents were used that attack different kinds of bonds or functional groups, i.e. urea and dithiothreitol (DTT) which destroy hydrogen and disulphide bonds respectively, iodoacetamide (sulphydryl group alkylation), acetic anhydride (amino group acetylation), 1-ethyl-3-(3-dimethylaminopropyl carbodiimide) (EDC, carboxyl group modification) and 2,3-butanedione (guanidino group modification).
The experiments were performed without addition of denaturing agents so that only the most accessible or reactive groups reacted. As 30 min of heat inactivation allowed us to observe significant differences between the NAs, we chose a similar reaction time when using the Virus X31K A/Bgk/2/79 * Ketosidic linkage. t Substrate concentrations were 2 mg/ml NANL, 22 mg/ml fetuin, and 5 mg/ml mucin I, mucin II and colominic acid. diluted to contain 20 gtg protein/ml and heated at temperatures ranging from 37 °C to 60 °C for 0 to 30 min, then immediately placed in an ice-bath prior to titration of residual NA activity. The NA assay was performed using NANL substrate (2 mg/ml) in 0.067 M-phosphate buffer at the optimum pH. Results are expressed as log~0 % of residual activity. Numbers in parentheses are rate constants (k). To the samples (purified virus diluted to contain 35 ~tg protein/ml) was added an equal volume of reagent. Treatment was carried out for 30 rain at 37 °C and the samples were dialysed against PBS for 18 h at 4 °C prior to titration of residual NA activity. Results are expressed as % residual NA activity (100% NA activity 36 to 60 nmol NeuNAc released).
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Selection of neuraminidase antigenic variants of the X31K virus
In order to examine possible relationships between modification of the enzymic activity and antigenic variation of the influenza virus NA, three X31K monoclonal variants were prepared. Two of them, each modified at a single NA epitope, were selected from the X31K viral population by using the NC56 and NC92 anti-X31K NA monoclonal antibodies. They were called X31/NC56 and X31/NC92 respectively. The third one, prepared from X31/NC92 by selection with the NC56 antibody, was called X31/NC92/NC56. The frequency of occurrence of the X31/NC56 and X31/NC92 antigenic variants in the parental strain, estimated according to Laver et al. (1979) , was found to be of the order of 1 in i05 or 106.
Antigenic comparison between X31K, X31K variants and A/Bgk/2/79 NAs
The antigenicity of the viruses and variants was established in NI and ELISA tests using antisera and anti-NA monoclonal antibodies directed against the X31K and A/Bgk/2/79 strains ( Table 2) .
As expected, the monoclonal antibodies used for the selection of variants failed to react with them in NI and in ELISA tests; only a very slight binding was observed between NC92 monoclonal antibody and both X31/NC92 and X31/NC92/NC56 variants. The reactivity patterns of the NC56, NC82 and NC92 monoclonal antibodies with the different viruses and variants indicated that the NC56 and NC92 epitopes were distinct and that the NC82 and NC92 epitopes overlapped.
It is interesting to notice that (i) the NC154 monoclonal antibody which inhibited X31/NC56 and X31/NC92 NAs could not inhibit the X31/NC92/NC56 NA, but was still bound to it, and (ii) the NC258 monoclonal antibody failed to inhibit the NA of any variants in spite of a slight c. DESHAIRS AND OTHERS 
Comparative kinetic characteristics of NAs of monoclonal variants, X31K and A/Bgk/2/79
Differences in NA activity similar to those previously mentioned between X31K and A/Bgk/2/79 viruses were observed between the X31K parental and variant strains on the one hand and between the different variants on the other (Table 3) . These were (i) a higher sensitivity to acid pH for the three variants, and to basic pH for the X31/NC92/NC56 variant and (ii) differences in optimal temperatures as well as in the temperatures allowing 50~ of NA activity. These results led us to propose a classification of the different viruses and variants based on the increasing sensitivity of their NA to physical agents: X31K virus, X31/NC56, X31/NC92, X31/NC92/NC56 variants and A/Bgk/2/79 virus.
The effect of a wide range of NANL substrate concentrations on the reaction velocity of the NAs is shown as a double reciprocal plot in Fig. 4 . The Km values of the variant NAs were found to vary between 1.6 x 10 -3 and 4.3 x 10 -3 M. A simple Michaelis-Menten relationship was not observed at the high substrate concentrations that caused an inhibition of enzyme activity. For each virus the percentage of NA inhibition was determined (Table 3 ) by comparing the specific activities obtained at the inhibitory substrate concentrations with the theoretical values extrapolated from the graphic representation 1/V = f(1/s). The inhibitory effect was abrupt for the X31K virus, but gradually increased for the X31/NC56 and X31/NC92 variants, and reached a high value similar to that observed with the A/Bgk/2/79 virus for the X31/NC92/NC56 variant. This virus gradation is in agreement with the classification proposed above for NA sensitivity to the physical agents.
Susceptibility of the variant NAs to inactivation by chemical reagents
The differences between the X3IK and A/Bgk/2/79 NAs in susceptibility to inactivation by chemical reagents were found to be particularly important when the viruses were treated with DTT or EDC; thus, both were chosen for studying the NA sensitivity of the laboratory variants (Fig. 5) .
The differences that were found among the different viruses allowed us to classify them according to the increasing sensitivity of their NA to chemical reagents. This classification appeared to be identical to that previously established for physical agents. 
DISCUSSION
NA is a mucopolysaccharide N-acetylneuraminyl hydrolase (EC 3.2.1.18) that hydrolyses the ~-ketosidic linkage between the terminal sialic acid and the adjacent sugar molecule. The general enzymic characteristics of influenza virus NA were established some time ago (Drzeniek, 1972; Bucher & Palese, 1975) and there are only a few recent publications on this subject. We have described studies concerning the NA of two A/H3N2 influenza virus strains, A/HK/1/68 used as the X31K reassortant and A/Bgk/2/79. The two enzymes, studied in situ, differed in some of their properties, i.e. optimum temperature and Michaelis constants, and resistance to inactivation by physical and chemical agents, the NA of A/HK/1/68 being much more resistant than that of A/Bgk/2/79. It is interesting to notice that the virus responsible for the 1968 to 1969 pandemic carries a very resistant NA, whereas the A/Bgk/2/79 strain has a labile NA and poor epidemiological potency.
We have reported differences in the thermal sensitivity of the two influenza A/H3N2 NAs; similar differences have been previously mentioned in comparative studies on influenza viruses types B and A and on subtypes N 1 and N2 (Rafelson et al., 1963 ; Paniker, 1968) . The possibility that the resistance of the NA of the X31K virus is due to its reassortment character is unlikely since the heat inactivation curve of the X31K NA is similar to those obtained for NAs closely related to that of the natural A/HK/1/68 strain (Paniker, 1968) .
The differences in inactivation by chemical reagents observed between the NAs of the two A/H3N2 strains are particularly important, since the targets are disulphide bonds, earboxyl groups and guanidino groups, and Colman et al. (1983) have shown that amino acids bearing these groups are conserved in all influenza NAs and that they encircle the active site of the enzyme. It is possible that an even greater contrast between the two enzymes may be observable with variable reaction times. Indeed, Kabayo & Hutchinson (1977) have shown that in the case of a NA of bacterial origin (Streptomyces griseus) inactivation was time-dependent. Another factor which has been shown to influence both NA activity and stability is Ca 2+ ion concentration (Dimmock, 1971) . However, since our experiments were not designed to address this question the precise answer must await future experimentation.
Antigenic analysis of monoclonal variants provided evidence for the NA of the X31/NC92/NC56 variant being no longer susceptible to inhibition by the NC154 antibody, which did inhibit the X31/NC92 and X31/NC56 variant NAs. Therefore, we presumed that the dual variation had locally changed the tertiary structure of the molecule in such a way that the '154' epitope was no longer exposed. Such local structural modifications have been recently reported for HA by Knossow et al. (1984) . The positive reactivity in ELISA tests of the NC 154 monoclonal antibody with the X31/NC92/NC56 variant allowed us to exclude the possibility that the '154' epitope had been lost. The lack of reactivity in the N I test of the NC 154 antibody with the X31/NC92/NC56 variant could be explained either by a different location of the '154' epitope in relation to the enzyme active site, or by a different affinity of the monoclonal antibody for the newly-situated epitope. The cross-reactivity in NI and ELISA tests of the five anti-X31K NA monoclonal antibodies with the X31K virus and the variants leads us to think that they recognize epitopes belonging to the same antigenic domain. Among the four antigenic sites of the N2 NAs (Webster et al., 1984) , this domain may be the dominant variable site mentioned by Lentz et al. (1984) .
Analysis of the kinetic properties of the variant NAs provided evidence that substitutions that cause antigenic variation can also influence activity; indeed, our study points out that (i) an antigenic variation of the N2 NA accompanies variation of the enzymic activity, (ii) the variation of the enzymic activity is related to the epitope concerned in the antigenic variation and (iii) the importance of the variation of the enzymic activity may be related to the number of modified epitopes.
As the active site of the enzyme is located in a highly conserved area in all the N2 NAs studied (Colman et al., 1983) , it seems that antigenic modifications that affect the variable areas of the protein may produce a local conformational change in the NA molecule and may be responsible for variation of the catalytic activity. Moreover, as monoclonal antibodies are known to interact with epitopes at a single amino acid (Colman et al., 1983) , the importance of such minor substitutions upon enzymic activity can only be explained by a modification of threedimensional structure.
